It is difficult to achieve coordinated optimization in thermoelectric materials due to the strong coupling between the electrical and thermal transport properties. However, interface effects, especially those caused by heterogeneous interfaces, are promising to overcome this challenge. In this work, the Ni/Bi 0.5 Sb 1.5 Te 3 (BST) heterogeneous multilayer structure thermoelectric materials were fabricated by the combination of vacuum evaporation deposition and spark plasma sintering. The influence of Ni layer on the phase composition, microstructure and thermoelectric performance along the different directions (0°, 30°, 60°and 90°, the angles between the performance measurement direction and the Ni layer) of Ni/BST materials were systematically investigated. The microstructural analysis indicates that the distinct heterogeneous interfaces were firmly bonded, and the interface reaction layer was composed of Ni and Te. As compared with the matrix, the electrical conductivity and Seebeck coefficient of the Ni/BST heterogeneous multilayer thermoelectric materials increased, and the thermal conductivity slightly reduced. For Ni/BST90°sample, the maximum ZT value of 1.05 was achieved at 370 K, increased by 19.1% compared with the BST90°. Our work demonstrates that the electron and phonon transport properties can be simultaneously optimized by introducing the ordered heterogeneous interfaces.
INTRODUCTION
Thermoelectric (TE) materials, which realize direct energy conversion between electricity and heat by the movement of carriers (electrons and holes) in solids, have been widely used in the field of TE power generation and portable refrigeration. [1] [2] [3] The conversion efficiency of TE materials is determined by the dimensionless figure of merit, ZT = a 2 rT/j, where T is the absolute temperature, a is the Seebeck coefficient, r is the electrical conductivity, and j is the total thermal conductivity (j = j E + j L , j E and j L are the electronic and lattice thermal conductivity, respectively). Clearly, in order to obtain a high ZT, the TE material must have high a, high r and low j. This turns out to be rather difficult, since all these parameters are intimately associated with each other, making it hard to regulate them individually. For example, while high r requires high concentration of charge carriers (n), high n in turn decreases a. Furthermore, high r is usually accompanied by high j E according to Wiedemann-Franz Law. 4 Therefore, it is a huge challenge to achieve high a, high r and low j simultaneously in a single-phase material. To optimize the thermal transport properties, various phonon engineering approaches have been used to enhance phonon scattering and decrease j L. [5] [6] [7] [8] To optimize the electrical transport properties, a series of band structure engineering approaches have been developed to increase a 2 r. [9] [10] [11] [12] [13] These methods have played important roles in controlling electron and phonon transport and improving the ZT of bulk TE materials.
The Bi 2 Te 3 -based alloy is the best and only commercial TE material near room temperature. 14 Bi 2 Te 3 belongs to the hexagonal crystal system, and the space group is R 3m, which has a layered crystal structure. Its layered structure is composed of five monatomic layers alternately stacked in the order of Te 1 -Bi-Te 2 -Bi-Te 1 , and every five layers are combined by van der Waals force. Bi-Te 2 and Bi-Te 1 are mainly bonded by covalent bonds and ionic bonds. 15 Such a layered crystal structure leads to strong anisotropy of r and j. [16] [17] [18] [19] [20] [21] [22] Caillat et al. 16 successfully prepared p-type Bi 0.5 Sb 1.5 Te 3 single crystals by traveling heater method (THM), and its anisotropy ratios range was from 3.0 to 4.0 in the r, and from 2.0 to 2.5 in the j along the parallel and perpendicular to the crystal growth direction. In addition, the polycrystals sintered by spark plasma sintering (SPS) also exhibited an anisotropic of electrical and thermal transport properties. 17, 18, 21 Shen et al. 17 studied the anisotropy of TE performance in Bi 2 Te 3 -based polycrystalline alloys. The results shown that the r ratios of p-type and n-type along the perpendicular and parallel to the sintering pressure were 73% and 58%, respectively, and the j ratios were 80% and 66%, respectively. During the past decade, it was expected that ZT could be enhanced by using interfacial phonon scattering to reduce j, interfacial quantum confinement effect and carrier scattering effect to increase power factor (PF). [23] [24] [25] However, up to now, effectively controlling the order of interfaces has always been a huge challenge.
Inspired by these, we propose to regulate the TE performance of materials by introducing ordered heterointerfaces in Bi 0.5 Sb 1.5 Te 3 (BST) matrix. Ni is commonly used as a diffusion-barrier material between the electrode and the substrate in the Bi 2 Te 3 -based TE devices. Ni can both improve the bonding strength between solder and substrate and block the diffusion of solder to the substrate. [26] [27] [28] [29] [30] In addition, the interfacial products formed by Ni and Bi 2 Te 3 -based TE materials are mostly binary Ni x Te y intermetallic compounds (such as NiTe, 31, 32 NiTe 2, 32,33 Ni 3 Te 2,
32
), which exhibit metal or semimetal properties [31] [32] [33] with a good electrical transport properties. On this basis, we deposit Ni films on BST wafers by vacuum evaporation then stack the BST wafer with Ni film layer by layer and obtain Ni/ BST heterogeneous multilayered TE materials by SPS. In order to explore the influence of heterointerface on TE performance, the phase composition and microstructure of heterogeneous interface have been systematically studied. The results show that the r of Ni/BST heterogeneous multilayered TE materials increases, the j decreases and the a increases compared with the matrix. Our work demonstrates that the electron and phonon transport properties can be simultaneously optimized by introducing ordered heterogeneous interfaces.
EXPERIMENTAL PROCEDURES
The preparation procedure of Ni/Bi 0.5 Sb 1.5 Te 3 (BST) heterogeneous multilayered TE materials is as follows: Firstly, commercial zone-melted BST was pulverized, ground, and passed through a 120 mesh sieve to obtain homogeneous BST powder. Then the obtained powder was placed into 15-mmdiameter graphite die and subjected to SPS-I (723 K and 50 MPa) to get a dense polycrystalline BST cylinder. Secondly, the polycrystalline BST cylinder was cut into wafers by wire electrical discharge machining (WEDM, Chenyang CNC Machinery), then the wafers the oxide layer was polished out. Theoretically, the smaller the thickness of the BST wafer, the greater the influence on the performance of the final samples, but it is actually limited by the processing conditions, so we finally choose the 1mm-thickness BST wafer. Thirdly, the BST wafers were placed into a vacuum evaporation deposition instrument sustaining a 4.0 9 10 À3 Pa pressure to obtain the Ni/BST wafers with a layer of 180 nm Ni film. The thickness of the films was monitored by a digital quartz oscillating thickness monitor. Before evaporation deposition, the BTS wafers were first cleaned with ethanol and plasma cleaner in order to remove contaminates and improve surface chemical activity. During the evaporation process, BST wafers were rotated at a rate of 150 r/min. Finally, Ni/BST heterogeneous multilayered TE materials were successfully prepared by stacking the Ni/BST wafers into 15-mm-diameter graphite die and subjected to SPS-II (723 K and 50 MPa). It is worth noting that all BST matrixes were also prepared by the same two-step SPS. The Ni/BST heterogeneous multilayer structure TE materials were cut into the standard shape along different directions (0°, 30°, 60°and 90°, the angles between the performance measurement direction and the Ni layer) by WEDM, which was used to measure the TE performance. The electrical and thermal transport properties were measured in the same direction. The cutting diagram is shown in Fig. 1 .
The phase composition of heterogeneous multilayered TE materials was determined by x-ray diffraction (XRD, Bruker D8-Advance) using Cu Ka radiation (k = 0.15418 nm). The chemical compositions and interface were analyzed by electron probe microanalysis (EPMA, JEOL JXA-8230). The microstructures were examined by a field emission scanning electron microscope (FESEM, Hitachi-SU8020). The Hall coefficient (R H ) was measured at room temperature by van der Pauw method using a thermoelectric and magnetic performance testing system (NYMS-1). The electrical conductivity (r) and Seebeck coefficient (a) were measured using the standard four-probe method (Ulvac Riko, ZEM-3). The carrier concentration (n) and mobility (l) were calculated using the formula n = 1/(R H e) and l = R H r, where e is the charge of an electron. The thermal conductivity (j) was calculated by using the equation j = kqC p , where C p is the specific heat capacity, q is the density of materials, and k is the thermal diffusivity coefficient. k was measured by laser-flash technique (Netzsch LFA-427) in a flowing argon atmosphere. C p was measured using a Q20 differential scanning calorimeter. q was measured by the Archimedes method. j L was obtained by subtracting j E from j using the equation j L = j j E . Here, j E was calculated by the Wiedemann-Franz law j E = LrT, where L is the Lorenz number and can be estimated by Seebeck coefficient L ¼ 1:5 þ exp À S j j 116 h i 34 r, a, and j were measured in the temperature range from 300 K to 500 K. Uncertainties in r and j were ± 5 to 7%. Uncertainty in a was ± 5%.
RESULTS AND DISCUSSION
The XRD patterns of as-prepared Ni/BST heterogeneous multilayered TE materials are shown in Fig. 2 . All diffraction peaks can be indexed based on JCPDS 49-1713 of Bi 0.5 Sb 1.5 Te 3 . The diffraction peaks of Ni are not detected since the thickness of the Ni film is less than 200 nm and its content is about 0.05%, which exceeds the XRD detection limit.
In addition, it can be seen that the preferred orientation of Ni/BST heterogeneous multilayered TE materials is closely related to the angle. As shown in Fig. 2 , the diffraction intensity of (000l) decreases gradually with the increase of the angle. To further investigate the evolution feature of preferential orientations, the orientation factors (F) were quantitatively calculated by Lotgering's method 35 :
where P I X ð Þ, P I 0 X ð Þ, P I hkil ð Þ, and P I 0 hkil ð Þare the sum of the integrated intensities of the X and hkil ð
Þreflections for the as-prepared Ni/BST samples and the standard diffraction card, respectively; P and P 0 are the ratio of the sums for a certain orientation of the as-prepared Ni/BST sample and the standard diffraction card, respectively. The X represents the diffraction surface of (000l), (01 15), and (10 110), respectively. The F values of Ni/BST heterogeneous multilayer structure TE materials with different angles are listed in Table I . As the increase of angles, the F value of (000l) decreases, and the maximum F value 0.31 is obtained in the Ni/BST0°; the F value of (01 15) increases first and then decreases, and the maximum F value 0.15 is acquired in the Ni/BST60°; the F value of (10 110) increases first and then decreases, and the maximum F value 0.05 is reached in the Ni/BST30°. These are consistent with the corresponding XRD diffraction peak intensity in Fig. 2 . The FESEM cross-sectional morphology of the Ni/ BST heterogeneous multilayer structure TE material is displayed in Fig. 3a . The orientation characteristic of the BST matrix can be clearly observed. Apparently, the distinct heterogeneous interfaces are firmly bonded and the thickness of the interface reaction layer is about 1.5 lm. Figure 3b shows the FESEM cross-section morphology of Ni film deposited on the glass substrate under the same vapor deposition conditions, with a thickness about 180 nm.
The backscattered electron image (BEI), element distribution maps and line profiles of the crosssections of Ni/BST heterogeneous multilayered TE materials are exhibited in Fig. 4 . The distinct heterogeneous interface can be observed in BEI. The region with larger contrasts can be proved to be interfacial reaction layer composed of Ni and Te by element distribution maps and line profiles. Previous studies indicate that Ni x Te y compounds exhibit conduction properties of metal or semi-metal and have good electrical transport properties. [31] [32] [33] The room-temperature electrical transport properties of Ni/BST heterogeneous multilayered TE materials with different angles are given in Table - II. The positive Hall coefficient (R H ) indicates that the majority of the carriers are holes, which displays a p-type conduction behavior. Because the Ni/BST sample have more heterogeneous interfaces and grain boundaries as the angle increases, the carrier transport is hindered causing a larger Hall voltage on both sides of the sample, resulting in an increase in Hall coefficient and a decrease in carrier concentration according to the Eqs. 4 and 5. In addition, the formed Ni-Te heterogeneous interface exhibits metal properties, [31] [32] [33] forming p-n junctions with BST matrix, neutralizing some holes, resulting in a decrease in carrier concentration.
where R H is the Hall coefficient, V H is the Hall voltage, I x is the applied current, B z is the applied magnetic field, d is the sample thickness, e is the charge of an electron, n is the carrier concentration.
The R H of Ni/BST0°reduces compared with BST0°, while the n and l H augment. This is attributed to the formation of a connected heterogeneous interface with excellent electrical transport properties, [31] [32] [33] acting as a carrier transport channel.
The R H of Ni/BST90°decreases compared with BST90°, and the n decreases slightly, while the l H increases. This owe to the formation of the potential barrier of heterogeneous interfaces, which filters the low-energy carriers and causes a decrease in n and an increase in l H , resulting in an enhancement of electrical transport properties finally. Therefore, the introduction of the ordered heterogeneous interfaces in the BST matrix can effectively regulate the electrical transport properties. The temperature dependence of electrical conductivity (r), Seebeck coefficient (a), and power factor (PF) of Ni/BST heterogeneous multilayered TE materials with different angles are plotted in Fig. 5 . The r decreases with the increase of the measuring temperature, exhibiting a typical metal-like conduction behavior.
Since the intensification of lattice vibration with increasing temperature enhances the scattering effect on carriers, resulting in a sharp decline in l H . Because of the intrinsic excitation, the n increases sharply after 350 K, making the decline trend of r slow down. Moreover, the r of the Ni/BST heterogeneous multilayer structure TE material decreases as the angle increases, which is related to the change in n and l H , according to the formula r = nel H . The introduction of the Ni layer forms a heterogeneous interface with good electrical transport properties, [31] [32] [33] acting as a carrier transport channel, which explains why the r of Ni/BST0°i ncreases compared to the BST0°matrix. As shown in Fig. 5b , the positive values of a are indicative of p-type conduction behavior, which is consistent with the Hall coefficient measurement results. Fig. (b) shows the temperature dependence of the power factor. Throughout the temperature range, all the samples showed similar temperature dependence of a, first ascending then descending with increasing temperature. The rapid decrease of a at high temperature is due to the intrinsic excitation of the material. With the increase of angle, the change in material anisotropy affects n, which ultimately leads to a gradual increase in a of the Ni/BST heterogeneous multilayered TE material. Particularly, the a of Ni/ BST90°increases significantly compared with the BST90°, which originates from the formation of the potential barrier of heterogeneous interfaces to enhance the scattering on the carriers and filter the low-energy carriers. It can be seen from the inset of Fig. 5b that the PF of Ni/BST0°and Ni/ BST90°increases compared with the corresponding matrix, wherein the increase of Ni/BST0°is mainly attributed to the enhancement of r, and the increase of Ni/BST90°is due to the enhancement of a. Accordingly, the introduction of the ordered heterogeneous interface in the BST matrix can regulate its electrical transport properties by different approaches. Figure 6 displays the temperature dependence of (a) thermal conductivity (j), (b) electronic thermal conductivity (j E ), (c) lattice thermal conductivity (j L ) and (d) ZT values for Ni/BST heterogeneous multilayered TE materials with different angles. The j of all samples descends first and then ascends as the temperature rises, which is determined by both j E and j L . j E first decreases rapidly and then tends to slow, which is consistent with the trend of r. j L exhibits a tendency to decrease slightly and then increase drastically, which is determined by both the phonon scattering and the intrinsic excitation. Below the intrinsic excitation temperature, the enhancement of lattice vibration with increasing temperature enhances the phonon scattering, resulting in a decrease in j L . Above the intrinsic excitation temperature, the intrinsic excitation is evoked to generate a large number of electron-hole pairs, that is bipolar diffusion effect, resulting in a sharp increase in j L . With the increase of angle, j E and j L of Ni/BST heterogeneous multilayered TE materials decrease, eventually resulting in a decrease in j. This originates from the preferential orientation of grains in the SPS process driven by uniaxial pressure lead to the anisotropy of the material, as reported before. 18 Because Ni/BST90°h as more grain boundaries and heterogeneous interfaces, j decreases compared with that in Ni/ BST0°. The j of Ni/BST0°increases slightly compared with that of BST0°, which is caused by the formation of connected heterogeneous interfaces. The j of Ni/BST90°decreases compared with that of BST90°, which is attributed to the formed heterointerfaces to enhance phonon scattering. Hence, the introduction of the ordered heterogeneous interface in the BST matrix can effectively regulate its thermal transport properties. Preparation and Characterization of Ni/Bi 0.5 Sb 1.5 Te 3 Heterogeneous Multilayered Thermoelectric Materials As shown in Fig. 6d , the trend of ZT value of all samples increases first and then decreases rapidly with increasing temperature, which is attributed the intrinsic excitation of material. Affected by material anisotropy, the ZT value of Ni/BST heterogeneous multilayered TE materials first decreases and then increases with the increase of angle. The ZT value of Ni/BST0°increased by 10.7% compared with the BST0°matrix, which is attributed to the large increase in r. The ZT value of Ni/BST90°i ncreases by 19.1% compared with the BST90°and achieves a maximum value of 1.05 at 370 K because of the enhancement of scattering of carriers and phonons caused by heterogeneous interfaces, enhancing the a and reducing the j simultaneously. Therefore, the introduction of the ordered heterogeneous interfaces in the BST matrix can simultaneously optimize its electrical and thermal transport properties, ultimately resulting in an improvement of the ZT value.
To investigate the stability of the interfacial reaction layer, we first use a focused ion beam (FIB, FEI Helios NanoLab G3 UC) to mark the interface area of the sample and characterize its interface morphology. Then, the marked sample was annealed at 473 K in an open tube furnace (KeJing, OTF-1200X) with argon atmosphere for 1 day, 3 days and 7 days, respectively. Finally, the interface morphology of the marked position was characterized by FIB, and the results are shown is Fig. 7 . It can be seen that the interface morphology does not change significantly with the increase of annealing time, and the interface is closely bonded, which indicates that the interfacial reaction layer composed of Ni and Te has a good stability.
To verify the repeatability of sample, the TE performance of the samples in the 0°and 90°angles were repeatedly measured three times (represented by black, red and blue lines, respectively) in the range 300-500 K, and the results are shown in Fig. 8 . It can be seen that the deviations are very small and within the measurement uncertainties (about ± 5%), indicating the good repeatability. Therefore, we can conclude that the TE performance of BST can be effectively improved by introducing ordered heterogeneous interfaces.
CONCLUSIONS
A series of Ni/BST heterogeneous multilayered TE materials with different angles (0°, 30°, 60°and 90°, the angles between the performance measurement direction and the Ni layer) were prepared by vacuum evaporation deposition combined with SPS. EPMA and FESEM analyses indicate that distinct heterogeneous interfaces are firmly bonded and the interfacial reaction layer is composed of Ni and Te. The results show that the PF of both Ni/BST0°and Ni/BST90°increases compared with the corresponding matrix, which results from the increase of r and a, respectively, and they are all closely related to the formed heterogeneous interfaces. j of Ni/BST90°d ecreases drastically because of the enhancement of phonon scattering related to the formed heterogeneous interfaces. In particular, due to the simultaneous optimization of electrical and thermal transport properties in the Ni/BST90°sample, the maximum ZT value of 1.05 is achieved at 370 K, which is 19.1% higher than that of the BST90°m atrix. In addition, the stability of the interfacial reaction layer and the repeatability of the sample performance are also well confirmed. This work indicates that the TE performance of Bi 0.5 Sb 1.5 Te 3 can be effectively improved by introducing the ordered Ni/BST heterogeneous interfaces.
